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Abstract:  Crustaceans  Munida  (fam.  Galatheideae,  ord.  Decapodi)  were  fished  in  the 
Southern Adriatic Sea and their proteolytic activities were characterized and tested for 
potential application in cheese manufacturing. Enzymes extracted from whole crustaceans, 
mainly  serine  proteases,  showed  high  caseinolytic  and  moderate  clotting  activities. 
Analysis  by  2D  zymography  of  the  digestive  enzymes  extracted  from  Munida 
hepatopancreas,  showed  the  presence  of  several  isotrypsin-  and  isochymotrypsin-like 
enzymes in the range of 20–34 kDa and 4.1–5.8 pI. Moreover, specific enzymatic assays 
showed  the  presence  of  aminopeptidases  and  carboxypeptidases  A  and  B.  Overall, 
optimum activity was achieved at pH 7.5 and 40–45 ° C. Caseinolytic activity, determined 
both spectrophotometrically and by SDS gel electrophoresis, indicated higher activity on  
β-casein than on α-casein. Miniature cheddar-type cheeses and Pecorino-type cheeses were 
manufactured by adding starter, rennet and Munida extracts to milk. Reverse-phase HPLC 
and  MALDI-ToF  mass  spectrometry  showed  a  more  complex  pattern  of  proteolytic 
products in cheeses made using Munida instead of chymosin. Munida extracts were found 
to  degrade  the  chymosin-derived  β-casein  fragment  f193–209,  one  of  the  peptides 
associated with bitterness in cheese. In conclusion, Munida digestive enzymes represent a 
promising tool for development of new cheese products and shorten cheese ripening when 
used either alone or in addition to calf rennet.  
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1. The Interest for Marine Enzymes in Biotechnological Processes  
Marine enzymes represent a special class of biocatalysts since they are inside organisms living in an 
environment  characterized  by  high  pressure,  high  salinity,  low  temperature,  little  sunlight,  i.e.,  in 
conditions which are very different from those of the terrestrial environment. On these grounds, marine 
enzymes might have particular physical, chemical, and catalytic properties that could be of advantage 
in several biotechnological processes [1]. 
Therefore,  marine  enzymes  have  been  suggested  for  many  industrial  applications  such  as 
pharmaceuticals, cosmetics, nutritional supplements, molecular probes, food additives, fine chemicals, 
and agrichemicals [2–5]. In particular, the use of sea-derived enzymes in food technology is becoming 
a promising application for the development of new processes and new products, including substitution 
of rennet in cheese manufacture; removal of the oxidized flavor from milk; ripening and fermentation 
of fish products; and preparation of fish protein hydrolysates and concentrates [6–9]. 
Proteolytic enzymes have important applications in the food industry [10]. In particular, there is a 
growing interest for digestive proteases from marine sources due to their activity at low temperature 
and the availability of raw materials such as viscera for their extraction. Fish viscera are indeed a rich 
source of digestive enzymes, such as pepsin and the serine proteases, trypsin and chymotrypsin [11,12]. 
The  property  of  the  digestive  enzymes  from  marine  organisms  to  maintain  their  activity  at  low 
temperature might be very useful in food processing in order to avoid bacterial contamination and 
unwanted chemical reactions [13]. Serine proteases such as elastase and collagenase are digestive 
enzymes found in fishes and marine invertebrates such as crab, prawn and lobster [7,10,11]. There is a 
particular interest in studying proteolytic enzymes from marine species both as possible substitutes for 
milk-clotting enzymes and for the shortening of cheese ripening times. These potential applications are 
based  on  the  finding  that  some  gastric  proteases  from  marine  species  may  have  chymosin-like 
properties  [14–18].  But,  most  interesting  in  the  present  context,  is  the  finding  that  some  gastric 
proteases from marine species have chymosin-like properties [14–18] and therefore may substitute 
chymosin in milk-clotting activities and shorten cheese ripening times. 
2. The Crustaceans Munida as a Source of Digestive Enzymes for Cheese Technology 
With regard to the application of marine enzyme in the manufacture of cheese, we have introduced 
the use of the crustaceans Munida (fam. Galatheideae, ord. Decapodi) (Figure 1) as a possible source 
of  milk  coagulating  enzymes  and  as  adjutants  in  cheese  ripening,  and  we  have  described  and 
characterized their proteolytic pattern, as well as their ability to make cheese. 
Figure 1. Munida crustaceans.  
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Munida crustaceans live mainly in the Atlantic Ocean and deep Mediterranean bottoms [19]. They 
are not vulnerable, endangered or protected and have no commercial value, but they are occasionally 
caught and discarded at sea. Most of the specimens die during fishing targeted to other commercial 
fish, thus most of the discard is not alive. Finding another potential use for these crustaceans could 
help to augment the revenue of fishermen.  
In our studies, the Munida crustaceans were fished in the Southern Adriatic Sea, near the town of 
Bari (Italy). The crustaceans were identified and controlled at the Institute of Marine Biology of Bari, 
transported on ice to our laboratory and stored at −70 °C  until use. The significant presence and 
diversity of proteases in these marine organisms can be attributed to the fact that these shellfish depend 
on their diet to provide essential amino acids and must therefore have an efficient digestive system. 
Highly active proteolytic enzymes acting on alimentary proteins have been reported in many marine 
species  [20–22].  Proteolytic  enzymes  in  the  digestive  organs  of  crustaceans  have  been  well 
documented and characterized [18,23–29]. Marine decapod crustaceans synthesize a wide range of 
highly active proteolytic enzymes in the digestive gland: endopeptidases (trypsin and chymotrypsin) 
and exopeptidases (carboxypeptidases and aminopeptidases).  
3. The Enzymes of Whole Munida Crustaceans  
In the first experiments, enzymatic activity was extracted by breaking and homogenizing whole 
crustaceans (n = 15) with deionized water. After centrifugation, the proteolytic activity present in the 
supernatant was determined by measuring the degradation of azocasein in solution and characterized 
by zymography. 
The  extract  showed  a  optimum  of  proteolytic  activity  at  pH  6.5–7.5  and  at  a  temperature  of  
55–60 °C  [30]. Activity was quite stable. After 40 days at −20 ° C, 75% of the initial proteolytic 
activity  was  still  present.  Studies  carried  out  with  specific  substrates  and  inhibitors,  showed  the 
presence of several proteolytic enzymes, mainly serine proteinases such as trypsin and chymotrypsin.  
The premise for the application of Munida enzymes in cheese production was to determine their 
ability to degrade the caseins and to check for the presence of milk-clotting activity. The extracts 
showed high proteolytic activity on caseins, and moderate coagulant activity, determined according to 
the  FIL-IDF  157/92  norm.  In  particular,  the  coagulant  activity  of  the  extracts  obtained  from  the 
crustaceans  was  150  times  lower  than  the  traditional  commercial  liquid  calf  rennet  of  Clerici  
(Caglio Liquido, Caglificio Clerici, Cadorago, Italy), and 80 times lower than the common lamb rennet 
pastes [30]. 
4. The Digestive Enzymes from the Hepatopancreas of Crustaceans Munida 
On the basis of preliminary data obtained from the enzyme extracts of whole crustaceans indicating 
high caseinolytic capability and moderate clotting activity [31], subsequent studies were conducted 
using the enzymes extracted from the hepatopancreas of the Munida crustaceans, in order to obtain 
extracts enriched in digestive enzymes only. For the extraction of the digestive enzymes from Munida, 
their hepatopancreas was collected from 25 individuals and homogenized in 10 mM sodium phosphate 
buffer, pH 7.0, and 100 mM NaCl. The supernatant obtained after centrifugation was passed through 
0.45 μm  filters  and  used  for  the  characterization  of  the  extracted  digestive  enzymes.  Proteolytic Mar. Drugs 2011, 9  
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activity was determined by measuring azocasein breakdown in solution. The extracts showed optimum 
activity at pH 7.5 and 40–45 ° C, respectively. As determined by the use of specific inhibitors, most of 
the  enzymes  were  found  to  be  serine  proteinases,  but  some  metalloproteinases  were  also  present. 
Further characterization of proteolytic and peptidase activities present in the hepatopancreas extracts 
was  performed  using  specific  enzymatic  assays.  The  extracted  enzymes  were  able  to  hydrolyze  
the  substrates  benzoyl-Arg-p-nitroanilide  (BAPNA)  and  N-succinyl-Ala-Ala-pro-Phe-p-nitroanilide 
(SAPNA),  indicating  the  presence  of  trypsin-like  and  chymotrypsin-like  activities,  respectively. 
Analysis  of  peptidase  activities  present  in  the  Munida  extracts  showed  the  presence  of 
carboxypeptidases A and B, and the presence of several aminopeptidases. Among them, the following 
amminopeptidases  were  detected:  PepN  and  PepC,  aminopeptidases  with  broad  specificity;  PepA, 
aminopeptidase specific for Glu/Asp residues; PepI, iminopeptidase capable of releasing an N-terminal 
proline residue; and PepX or prolyl-dipeptidil aminopeptidase, a proline-specific peptidase [31]. 
To  assess  the  caseinolytic  activity,  the  extracts  obtained  from  the  hepatopancreas  of  the  
crustaceans Munida were incubated with casein. Analysis of the digested products, performed both 
spectrophotometrically and by SDS gel electrophoresis, indicated that enzymes extracted from the 
hepatopancreas of Munida have a higher activity on β-casein than on α-casein. 
Through analysis of the peptide profile, performed by Matrix Assisted Laser Desorption Ionisation 
Time of Flight (MALDI ToF) mass spectrometry, we compared the activity of digestive enzymes of 
the  Munida  with  that  of  the  commercial  liquid  calf  rennet  Clerici  on  the  fractions  of  α-  and  
β-casein. The results obtained (Figure 2) were clearly different.  
Figure 2. Peptide profile performed by MALDI-ToF mass spectrometry analysis. MALDI 
ToF mass spectra of peptide mixture resulting from the activity of: (A) commercial rennet 
Clerici on α-casein; (B) enzymes extracted from the hepatopancreas of the crustaceans 
Munida on α-casein; (C) commercial rennet Clerici on β-casein; (D) enzymes extracted 
from the hepatopancreas of the crustaceans Munida on β-casein. 
(A)  (B) 
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Figure 2. Cont. 
(C)  (D) 
   
In particular, the α-casein peptide profile resulting from the activity of commercial rennet Clerici 
(spectrum A), showed only the peptide of 2763.8 Da, corresponding to the fragment αS1-casein (f1-23) 
deriving from the hydrolytic activity of chymosin on Phe23-Phe24 bond [32,33], while the peptide 
profile  (spectrum  B)  corresponding  to  the  action  of  Munida  enzymes  is  very  complex  and  is 
characterized by the presence of at least 20 peptides. With regard to the activity on β-casein of the 
commercial rennet Clerici, the peptide profile showed only one peak with molecular mass 1881.5 Da 
(spectrum  C),  corresponding to  the peptide β-CN (f193–209), due to  the  activity of chymosin  on  
β-casein  at  Leu192-Tyr193  [34].  This  peptide,  widely  reported  as  the  major  cause  of  bitterness  in  
cheeses [35–37], was not found in the peptide mixture obtained after hydrolytic treatment of β-casein 
with the digestive enzymes of Munida (spectrum D), suggesting that Munida enzymes might play an 
important role in the degradation of bitter peptides in cheese. Studies performed by MALDI-ToF mass 
spectrometry on the degradation of the bitter peptide β-CN (f193–209) by the Munida enzymes [38] 
showed that Munida enzymes are able to degrade the chymosin-derived β-casein fragment f193–209 [31]. 
Peptides deriving from its degradation might be the result of aminopeptidase activity [38,39]. 
5. Detection of Munida Proteolytic Activities by Casein Gel Zymography 
Analysis by monodimensional zymography was undertaken to determine the composition and the 
molecular mass of the digestive enzymes present in the Munida hepatopancreas. Casein was chosen as 
a substrate. 11 activated digestion bands were detected in the range of 76–18 kDa. Most of them were 
serine proteinases. This finding was consistent with the results reported for other crustaceans by other 
authors [40,41].  
To identify the Munida proteome corresponding to the proteolytic activities in more detail, the 
extracts were applied to 2D casein gel zymography, a technique that allows the specific determination 
of both molecular masses and isoelectric points of proteases in a complex protein mixture. Samples 
were prepared for the first dimension separation (IEF) in the absence of DTT in order to retain the 
enzymatic activity of the caseinolytic enzymes. Proteolytic enzymes were separated and detected after Mar. Drugs 2011, 9  
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the second dimension SDS gel casein zymography by staining with Coomassie blue. The resulting 
zymograms  showed  the  presence  of  12  spots  (clear  unstained  zones)  indicating  the  presence  of 
proteolytic enzymes in the range of 20–34 kDa and 4.1 to 5.8 pI. Results showed the presence of 
several isotrypsin-like and isochymotrypsin-like enzymes. In particular, six different acidic forms of 
trypsin were detected using specific inhibitors, trypsin-like activity was higher than chymotrypsin-like 
activity [31]. Apparent molecular masses and isoelectric points were similar to those of digestive 
enzymes from other crustaceans [22,42–44]. 
6.  Cheesemaking  Trials  Using  the  Enzymes  Extracted  from  the  Hepatopancreas  of  
Munida Crustaceans 
Two different types of cheeses were manufactured with the digestive enzymes extracted from the 
hepatopancreas of Munida.  
6.1. Mini Cheddar-Type Cheeses 
The well-established model of miniature Cheddar-type cheeses was used to investigate whether the 
extracts from the hepatopancreas of Munida are suitable for cheese making. In a study carried out in 
collaboration with the University College of Cork, Ireland, miniature (20 g) Cheddar-type cheeses 
were produced according to the method described by Shakeel-Ur-Rehman et al. [45] by using either 
100% chymosin or 100% Munida enzymes as coagulant [46].  
Briefly,  the  freeze-dried  Munida extract  was re-suspended  in  10  mM  sodium  phosphate  buffer 
before use. After seven days, the freeze-dried extract entirely retained its activity with respect to the 
initial activity. Each preparation, diluted with water to 300 μL to have equal milk-clotting activity, was 
added to 200 mL milk. Three miniature Cheddar-type cheeses were manufactured in two batches on 
the same day using each of the two coagulants.  
Cheeses were ripened at 8 °C  and collected for analysis after 2, 6 and 12 weeks. Samples were 
taken, grated and frozen at −20 °C  until analysis. The efficacy of the extracts in the manufacture of 
Cheddar mini-cheeses was determined by assessing their proteolytic ability over time in comparison 
with cheese made with chymosin. The Munida extracts showed high proteolytic activity on caseins in 
miniature Cheddar-type cheese. Strong β-casein activity was observed in the first 2 weeks of ripening, 
as detected by urea-PAGE of the pH 4.6-insoluble fraction of cheeses. Breakdown products obtained 
from αS1-casein were qualitatively different from the ones obtained using chymosin as coagulant. 
Patterns of proteolysis were also obtained by reverse-phase high-performance liquid chromatography 
and MALDI-ToF mass spectrometry. In general, the products of proteolysis were more complex in 
cheeses made using the Munida extracts than in cheese made with chymosin as coagulant. Statistical 
analysis of the results clearly discriminated between the cheeses on the basis of the coagulant used. 
6.2. Ewe Mini-Cheeses 
Miniature (45 g) Pecorino-type cheeses were manufactured using the enzyme extracts obtained 
from the hepatopancreas of Munida. Briefly, heat-treated ewe’s milk (10 L) was cooled to 40 °C  and 
termophilic lactic concentrated (CHOOZIT™ DVI, Danisco) was added as starter. After 30 min, a Mar. Drugs 2011, 9  
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lamb rennet was added (2 mL per 10 L) and the milk was divided in two parts: the first was used as a 
control, whereas lyophilized Munida extract (700 U) was added to the second. The lyophilized extract 
used for the ewe-mini-cheese retained 85% of the initial activity after 4 months. Twelve mini-cheeses 
of about 85 g were obtained. 3% NaCl was added and the cheeses were stored at 8–12 °C  and 85–90% 
relative  humidity  for  60  days  (Figure  3).  Analysis  of  the  proteolytic  pattern  of  casein  fraction, 
performed by MALDI ToF mass spectrometry, showed the differences between the control and the 
Munida mini-cheeses and demonstrated that the Munida enzymes are capable of degrading caseins in 
an original manner.  
Figure 3. Mini pecorino-cheeses. Freshly made cheeses (left) and ripened 60 days cheeses 
(right). C: control; M: Munida pecorino. 
   
7. Conclusions 
In  recent  years,  several  new  milk-clotting  enzymes  have  been  investigated  as  alternatives  to  
calf rennet. They include recombinant chymosins produced using E. coli, Kluyveromyces lactis, or 
mammalian cells as hosts [47], Rhizomucor miehei, Cryphonectria parasitica [48], recombinant lamb 
chymosin [49], bovine pepsin, fungal proteinases from Aspergillus niger [50], Rhizomucor miehei [51], 
Aspergillus  Awamori  [52],  and  Trichoderma  reesei  [53],  yeast  proteinases  from  Saccharomyces 
cerevisiae  [54]  and  Candida  Tropicalis  [55]  and  proteinases  extracted  from  plants  such  as  
Cynara cardunculus [56–59], Cynara humilis [60], Papilionoida spp. [61], Solanum dobium [62] and 
Centaurea calcitrapa [63–65]. Instead, only a few digestive enzymes from marine species have been 
considered  for  their  chymosin-like  characteristics  as  potential  substitutes  for  rennet,  for  their 
chymosin-like  characteristics  [14–18].  More  recently,  it  has  been  reported  that  an  acidic  protease 
produced by the marine yeast strain M. reukaufii W6b possess milk-clotting activity [66]. 
However, rennet substitutes as the cardoon extracts often have a much greater level of non-specific 
proteolytic activity. This may lead to an extensive degradation of milk proteins and breakdown of the 
protein network, affect the texture of cheese and cause a reduction in yield and flavor development in 
cheese. Furthermore, the acceleration of cheese ripening, due to the higher proteolytic activity of the 
rennet substitutes, may result in increased bitterness in cheese. Among the enzymes with a possible 
application  in  the  industry,  those  extracted  from  sea  organisms  certainly  represent  an  economic 
benefit, since they come from fish catch usually thrown back into the sea. In particular, their use in 
food science represents a new possibility for upgrading fish waste and low value fish species to food 
M  C 
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with a high nutritional value. The advantages of marine enzymes to the food industry include the 
potential development of mild enzymatic methods in alternative to mechanical or chemical treatments, 
which may damage the product and lower its recovery rate. The property of the digestive enzymes 
from marine organisms to maintain their activity at low temperature might be very useful in food 
processing in order to avoid bacterial contamination and unwanted chemical reactions [13]. Thus, the 
use of marine enzymes in food technology is becoming a promising application for development of 
new processes and new products.  
Analysis  of  the  proteolytic  pattern  of  the  casein  fraction  performed  by  MALDI  ToF  mass 
spectrometry showed that the Munida enzymes are capable of degrading caseins in an original manner. 
The hydrolytic activities on α-casein and β-casein were indeed clearly different when compared with 
those of the commercial rennet. The Munida enzymes showed a higher activity on β-casein when 
compared  to  α-casein.  The  high  degree  of  hydrolysis  on  α-casein  and  β-casein  and  the  moderate 
clotting activity found in the extracts of the Munida crustaceans suggest their use in the dairy industry 
both for milk clotting, as an alternative or in addition to calf rennet, and for the acceleration of cheese 
ripening, to lower the time and costs of storage and maturation of cheese.  
In addition, the peptides obtained from all caseins by the Munida enzymes might have a specific 
impact on flavor and texture characteristics of cheese. In this regard, the extracts obtained from the 
hepatopancreas were found to degrade the chymosin-derived β-casein fragment f193–209, one of the 
peptides associated with bitterness in cheese, revealing their possible application in cheese technology 
to lower the unpleasant bitter flavour in some cheeses.  
Taken together, the application in cheese biotechnology of the Munida enzymes in combination 
with different peptidases (starter) seems to be highly promising for the production of cheeses with new 
characteristics. Future studies will be oriented to the purification of the Munida enzymes extracted 
from the hepatopancreas and to the determination of the best ratio to be used with rennet. 
References 
1.  Zhang,  C.;  Kim,  S.K.  Research  and  application  of  marine  microbial  enzymes:  Status  and 
prospects. Mar. Drugs 2010, 8, 1920–1934. 
2.  Rasmussen, R.S.; Morrissey, M.T. Marine biotechnology for production of food ingredients. Adv. 
Food Nutr. Res. 2007, 52, 237–292. 
3.  Debashish,  G.;  Malay,  S.;  Barindra,  S.;  Joydeep,  M.  Marine  enzymes.  Adv.  Biochem.  Eng. 
Biotechnol. 2005, 96, 189–218. 
4.  Haefner,  B.  Drugs from  the deep:  Marine natural  products as drug candidates. Drug Discov. 
Today 2003, 8, 536–544. 
5.  Bernan, V.S.; Greenstein, M.; Maiese, W.M. Marine micro-organisms as a source of new natural 
products. Adv. Appl. Microbiol. 1997, 43, 57–89.  
6.  Diaz-Lopez, M.; Garcia-Carreno, F.L. Applications of fish and shellfish enzymes in food and feed 
products. In Seafood Enzymes; Haard, N.F., Simpson, B.K., Eds.; M. Dekker: New York, NY, 
USA, 2000; pp. 571–618.  
7.  Shahidi,  F.;  Janak  Kamil,  Y.V.A.  Enzymes  from  fish  and  aquatic  invertebrates  and  their 
application in the food industry. Trends Food Sci. Technol. 2001, 12, 435–464. Mar. Drugs 2011, 9  
 
1228 
8.  Haard,  N.F.;  Simpson,  B.K.  Proteases  from  aquatic  organisms  and  their  uses  in  the  seafood 
industry. In Fisheries Processing: Biotechnological Applications; Martin, A.M., Ed.; Chapman 
and Hall: London, UK, 1994; pp. 132–154. 
9.  Venugopal, V.; Shahidi, F. Value-added products from underutilized fish species. Crit. Rev. Food 
Sci. Nutr. 1995, 35, 431–453. 
10.  Simpson, B.K. Digestive proteinases from marine animals. In Seafood Enzymes; Haard, N.F., 
Simpson, B.K., Eds.; M. Dekker: New York, NY, USA, 2000; pp. 191–214. 
11.  Haard, N.F.; Simpson, B.K.; Sikorski, Z.E. Biotechnological applications of seafood proteins and 
others nitrogenous compounds. In Seafood Proteins; Sikorski, Z.E., Pan, B.S., Shahidi, F., Eds.; 
Chapman and Hall: New York, NY, USA, 1994; pp. 194–202. 
12.  Reece, P. Recovery of proteases from fish waste. Process Biochem. 1988, 6, 62–66. 
13.  Gudmundsdó ttir,  A.;  Pá lsdó ttir,  H.M.  Atlantic  cod  trypsins:  From  basic  research  to  practical 
applications. Mar. Biotechnol. (NY) 2005, 7, 77–88. 
14.  Shamsuzzaman, K.; Haard, N.F. Evaluation of harp seal gastric protase as a rennet substitute for 
cheddar cheese. J. Food Sci. 1983, 48, 179–182. 
15.  Shamsuzzaman, K.; Haard, N.F. Purification and characterization of a chymosin-like protease 
from gastric mucosa of harp seal (Paophilus groenlandicus). Can. J. Biochem. Cell Biol. 1984, 
62, 699–708. 
16.  Shamsuzzaman, K.; Haard, N.F. Milk clotting and cheese making properties of a chymosin-like 
enzyme from harp seal mucosa. J. Food Biochem. 1985, 9, 173–192. 
17.  Tavares, J.F.P.; Baptista, J.A.B.; Marcone, M.F. Milk coagulating enzymes of tuna fish waste as a 
rennet substitute. Int. J. Food Sci. Technol. 1997, 48, 169–176. 
18.  Garcì a-Carreñ o,  F.L.;  Hernandez-Cortes,  M.P.;  Haard,  N.F.  Enzymes  whit  peptides  and 
proteinase activity from the digestive system of a freshwater and a marine decapod. J. Agric. 
Food Chem. 1994, 42, 1456–1461. 
19.  Falciai, L.; Minervini, R. Galatheideae. In Guida dei Crostacei Decapodi d’Europa; Muzio, F., Ed.; 
Franco Muzzio Editore: Rome, Italy, 1992; pp. 168–174. 
20.  Celis-Guerrero,  L.E.;  Garcì a-Carreñ o,  F.L.;  Navarrete  del  Toro,  M.A.  Characterization  of 
proteases in the digestive system of spiny lobster (Panulirus interruptus). Mar. Biotechnol. 2004, 
6, 262–269. 
21.  Muhlia-Almazá n,  A.;  Sá nchez-Paz,  A.;  Garcí a-Carreñ o,  F.L.  Invertebrate  trypsins:  A  review.  
J. Comp. Physiol. B 2008, 178, 655–672. 
22.  Wu, Z.; Jiang, G.; Xiang, P.; Yang, D.; Wang, N. Purification and characterization of trypsin-like 
enzymes from North Pacific krill (Euphausia pacifica). Biotechnol. Lett. 2008, 30, 67–72. 
23.  Dall,  W.;  Moriarty,  D.J.W.  Functional  aspects  of  nutrition  and  digestion.  In  The  Biology  of 
Crustaceans,  Internal  Anatomy  and  Physiological  Regulation;  Mantel,  L.H.,  Ed.;  Academic 
Press: New York, NY, USA, 1983; pp. 215–261. 
24.  Galgani, F.; Nagayama, F. Digestive proteinases in the Japanese spiny lobster Panulirus japonicus. 
Comp. Biochem. Physiol. B: Biochem. Mol. Biol. 1987, 87, 889–893. 
25.  Fang, L.; Lee, B. Ontogenic changes in digestive enzymes in Penaeus monodon. Comp. Biochem. 
Physiol. B: Biochem. Mol. Biol. 1992, 103, 1033–1037. Mar. Drugs 2011, 9  
 
1229 
26.  Garcì a-Carreñ o, F.L. The digestive proteases of langostilla (Pleuroncodes planipes, Decapoda): 
Their  partial  characterization  and  the  effect  of  feed  on  their  composition.  Comp.  Biochem. 
Physiol. B: Biochem. Mol. Biol. 1992, 103, 575–578. 
27.  Glass, H.; Stark, J. Protein digestion in the European lobster Homarus gammarus (L). Comp. 
Biochem. Physiol. B: Biochem. Mol. Biol. 1994, 108, 225–235. 
28.  Jones, D.A.; Kumlu, M.; Le Vay, L.; Fletcher, D.J. The digestive physiology of herbivorous, 
omnivorous and carnivorous crustacean larvae: a review. Aquaculture 1997, 155, 285–295. 
29.  Navarrete del Toro, M.A.; Garcí a-Carreñ o, F.L.; Dí az, L.M.; Celis-Guerrero, L.; Saborowski, R. 
Aspartic proteinases in the digestive tract of marine decapod crustaceans. J. Exp. Zool. A Comp. 
Exp. Biol. 2006, 305A, 645–654. 
30.  D’Ambrosio, A.; Rossano, R.; Ungaro, N.; Riccio, P. Proteolytic and milk clotting activities in 
extracts obtained from the crustaceans Munida. J. Mol. Catal. B Enzym. 2003, 865, 1–6. 
31.  Rossano, R.; Larocca, M.; Lamaina, A.; Viggiani, S.; Riccio, P. The hepatopancreas enzymes of 
the crustaceans Munida and their potential application in cheese biotechnology. LWT-Food Sci. 
Technol. 2011, 44, 173–180. 
32.  Hill, R.D.; Lahav, E.; Givol, D. A rennin-sensitive bond in αs1-B-casein. J. Dairy Res. 1974, 41, 
147–153. 
33.  McSweeney,  P.L.H.;  Olson,  N.F.;  Fox,  P.F.;  Healy,  A.;  Hø jrup,  P.  Proteolytic  specificity  of 
chymosin on bovine αs1-b-casein. J. Dairy Res. 1993, 60, 401–412. 
34.  Visser, S.; Slangen, K.J. On the specificity of chymosin (rennin) in its action on β-casein. Neth. 
Milk Dairy J. 1997, 31, 16–30. 
35.  Visser,  S.;  Slangen,  K.J.;  Hup,  G.;  Stadhouders,  J.  Bitter  flavour  in  cheese  III.  Comparative  
gel-chromatographic analysis of hydrophobic peptide fractions from twelve Gouda-type cheeses 
and identification of bitter peptides isolated from a cheese made with Streptococcus cremoris 
strain HP. Neth. Milk Dairy J. 1983, 37, 181–192. 
36.  Kelly,  M.;  Fox,  P.F.;  McSweeney,  P.L.H.  Influence  of  salting-moisture  on  proteolysis  in  
Cheddar-type cheese. Milchwissenschaft 1996, 51, 498–501. 
37.  Singh, T.K.; Young, N.D.; Drake, M.; Cadwallader, K.R. Production and sensory characterization 
of a bitter peptide from b-Casein. J. Agric. Food Chem. 2005, 53, 1185–1189. 
38.  Soeryapranata, E.; Powers, J.R.; Weller, K.; Hill, H.; Siems, W. Differentiation of intracellular 
peptidases  of  starter  and  adjunct  cultures  using  matrix-assisted  laser  desorption/ionization  
time-of-flight mass spectrometry. LWT-Food Sci. Technol. 2004, 37, 17–22. 
39.  Parra, L.; De Palencia, F.; Casal, V.; Requena, T.; Pelaez, C. Hydrolysis of b-casein (193–209) 
fragment of whole cells and fractions of Lactobacillus casei and Lactococcus lactis. J. Food Sci. 
1999, 64, 899–902. 
40.  Garcì a-Carreñ o, F.; Haard, N. Characterization of proteinase classes in langostilla (Pleuroncodes 
planipes) and crayfish (Pacifastacus astacus) extracts. J. Food Biochem. 1993, 17, 97–113. 
41.  Lemos, D.; Ezquerra, J.M.; Garcì a-Carreñ o, F. Protein digestion in penaeid shrimp: Digestive 
proteinases, proteinase inhibitors and feed digestibility. Aquaculture 2000, 186, 89–105. 
42.  Sainz,  J.C.;  Garcí a-Carreñ o,  F.L.;  Herná ndez-Corté s,  P.  Penaeus  vannamei  isotrypsins: 
Purification and characterization. Comp. Biochem. Physiol. B: Biochem. Mol. Biol. 2004, 138, 
155–162. Mar. Drugs 2011, 9  
 
1230 
43.  Osnes,  K.K.;  Mohr,  V.  On  the  purification  and  characterization  of  three  serine-type  peptide 
hydrolases from Antarctic krill, Euphausia superba. Comp. Biochem. Physiol. B: Biochem. Mol. 
Biol. 1985, 82, 607–619. 
44.  Ferná ndez  Gimenez,  A.V.;  Garcí a-Carreñ o,  F.L.;  Navarrete  del  Toro,  M.A.;  Fenucci,  J.L. 
Digestive  proteinases  of  Artemesia  longinaris  (Decapoda,  Penaeidae)  and  relationship  with 
molting. Comp. Biochem. Physiol. B: Biochem. Mol. Biol. 2002, 132, 593–598. 
45.  Shakeel-Ur-Rehman; McSweeney, P.L.H.; Fox, P.F. Protocol for the manufacture of miniature 
cheeses. Lait 1998, 78, 607–620. 
46.  Rossano, R.; Piraino, P.; D’Ambrosio, A.; O’Connell, O.F.; Ungaro, N.; McSweeney, P.L.H.; 
Riccio,  P.  Proteolysis  in  miniature  Cheddar  cheeses  manufactured  using  extracts  from  the 
crustacean Munida as coagulant. J. Biotechnol. 2005, 120, 220–227. 
47.  Sousa, M.J.; Ardo, Y.; McSweeney, P.L.H. Advances in the study of proteolysis during cheese 
ripening. Int. Dairy J. 2001, 11, 327–345. 
48.  Broome,  M.C.;  Xu,  X.;  Mayes,  J.J.  Proteolysis  in  Cheddar  cheese  made  with  alternative 
coagulants. Aust. J. Dairy Technol. 2006, 61, 85–87. 
49.  Rogelj, I.B.; Perko, B.; Francky, A.; Penca, V.; Pungerčar, J. Recombinant lamb chymosin as an 
alternative coagulating enzyme in cheese production. J. Dairy Sci. 2001, 84, 1020–1026. 
50.  Koaze, Y.; Goi, H.; Ezawa, K.; Yamada, Y.; Hara, T. Fungal proteolytic enzymes. I. Isolation of 
two kinds of acid-proteases excreted by Aspergillus niger var. macrosporus. Agric. Biol. Chem. 
1964, 28, 216–223. 
51.  Sternberg, M.Z. Crystalline milk-clotting protease from Mucor miehei and some of its properties. 
J. Dairy Sci. 1971, 54, 159–167. 
52.  Ostoslavskaya, V.I.; Revina, L.P.; Kotlova, E.K.; Surova, I.A.; Levin, E.D.; Timokhina, E.A.; 
Stepanov, V.M. The primary structure of aspergillopepsin A, aspartic proteinase from Aspergillus 
awamori. IV. Amino acid sequence of the enzyme. Bioorg. Khim. 1986, 12, 1030–1047. 
53.  Pitts, J.E. Crystallization by centrifugation. Nature 1992, 355, 117–120. 
54.  Mackay, V.L.; Welch, S.K.; Insley, M.Y.; Manney, T.R.; Holly, J.; Saari, G.C.; Parker, M.L. The 
Saccharomyces cerevisiae BAR1 gene encodes an exported protein with homology to pepsin. 
Proc. Natl. Acad. Sci. USA 1988, 8, 55–59. 
55.  Togni,  G.;  Sanglard,  D.;  Falchetto,  R.;  Monod,  M.  Isolation  and  nucleotide  sequence  of  the 
extracellular acid protease gene (ACP) from the yeast Candida tropicalis. FEBS Lett. 1991, 286, 
181–185. 
56.  Macedo, I.Q.; Faro, C.J.; Pires, E.V. Specificity and kinetics of the milk-clotting enzyme from 
Cardoon  (Cynara  cardunculus  L.)  toward  bovine  k-casein.  J.  Agric.  Food  Chem.  1993,  41,  
1537–1540. 
57.  Ferná ndez-Salguero,  J.;  Sanjuá n,  E.  Influence  of  vegetable  and  animal  rennet  on  proteolysis 
during ripening in ewe’s milk cheese. Food Chem. 1999, 64, 177–183. 
58.  Sousa,  M.J.;  Malcata,  F.X.  Advances  in  the  role  of  a  plant  coagulant  (Cynara  cardunculus) 
in vitro and during ripening of cheeses from several milk species. Lait 2002, 82, 151–170. 
59.  Fernà ndez-Salguero,  J.;  Tejada,  L.;  Gò mez,  R.  Use  of  powdered  vegetable  coagulant  in  the 
manufacture of ewe’s milk cheeses. J. Sci. Food Agric. 2002, 82, 464–468. Mar. Drugs 2011, 9  
 
1231 
60.  Vioque, M.; Gó mez, R.; Sá nchez, E.; Mata, C.; Tejada, L.; Ferná ndez-Salguero, J. Chemical and 
microbiological characteristics of ewe’s milk cheese manufactured with extracts from flowers of 
Cynara cardunculus and Cynara humilis. J. Agric. Food Chem. 2000, 48, 451–456. 
61.  Lopes, A.; Teixerira, G.; Liberato, M.C.; Pais, M.S.; Clemente, A. New vegetal sources of milk 
clotting enzyme. J. Mol. Catal. B Enzym. 1998, 5, 63–68. 
62.  Yousif,  B.H.;  McMahon,  D.J.;  Shammet,  K.M.  Milk-clotting  enzyme  from  Solanum  dobium 
plant. Int. Dairy J. 1996, 6, 637–644. 
63.  Tavaria, F.; Sousa, M.J.; Domingos, A.; Malcata, F.X.; Brodelius, P.; Clemente, A.; Pais, M.S. 
Degradation  of  caseins  from  milk  of  different  species  by  extracts  of  Centaurea  calcitrapa.  
J. Agric. Food Chem. 1997, 45, 3760–3765. 
64.  Pintado, A.I.; Macedo, A.C.; Teixeira, G.; Pais, M.S.; Clemente, A.; Malcata, F.X. Caseinolytic 
activity  of  fruit  extract  from  Opuntia  ficus-indica  on  bovine,  caprine,  and  ovine  sodium 
caseinates. Biotechnol. Prog. 2001, 17, 643–646. 
65.  Reis,  P.M.;  Lourenco,  P.L.;  Domingos,  A.;  Clemente,  A.F.;  Pais,  M.S.;  Malcata,  F.X. 
Applicability of extracts from Centaurea calcitrapa in ripening of bovine cheese. Int. Dairy J. 
2000, 10, 775–780. 
66.  Li, J.; Peng, Y.; Wang, X.; Chi, Z. Optimum production and characterization of an acid protease 
from marine yeast Metschnikowia reukaufii W6b. J. Ocean Univ. China 2010, 9, 359–364. 
© 2011  by  the authors; licensee  MDPI, Basel, Switzerland. This article is an open  access article 
distributed  under  the  terms  and  conditions  of  the  Creative  Commons  Attribution  license 
(http://creativecommons.org/licenses/by/3.0/). 